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Abstract-The pH dependence of the 13C chemical shifts (6) of the 
diazanaphthalenes has been recorded. From this dependence the 
pK. values have been determined using the Henderson-Hasselbach 
equation. The change in 13C chemical shifts under the influence 
of nitrogen protonation (Ad) has been predicted using the Ad 
values of quinoline and isoquinoline. The correlation between 
observed and expected A8 values of the symmetric diazanaph- 
thalenes is very good. Assuming these changes in chemical shifts to 
be of general validity, the site of protonation in the asymmetric 
diazanaphthalenes has been determined by comparison of the 
expected A8 values for 01- and /?-nitrogen protonation with the 
observed ones. The site of protonation for 1,6- and 1,7-naph- 
thyridine is the 8-nitrogen atom, whereas for cinnoline both 
monoprotonated species are present in a significant amount. 
INTRODUCTION 
RECENTLY we have reported a theoretical study on the 
protonation of aza-aromatics, especially the diazanaph- 
tha1enes.l This group of N-heterocycles consists of 
ten compounds : cinnoline (1,2-diazanaphthalene, l ) ,  
quinazoline (1,3-diazanaphthaIene, 2), quinoxaline (1,4- 
diazanaphthalene, 3), 1 ,Snaphthyridine (1,5-diazanaph- 
thalene, 4), 1,6-naphthyridine (1,6-diazanaphthaIene, 
5) ,  1,7-naphthyridine (1,7-diazanaphthalene, 6) ,  1,8- 
naphthyridine (l,%diazanaphthalene, 7), phthalazine 
(2,3-diazanaphthalene, S), 2,6-naphthyridine (2,6-dia- 
zanaphthalene, 9) and 2,7-naphthyridine (2,7-diazana- 
phthalene, 10). For atom numbering see Fig. 1. The 
site of protonation has been predicted for the asymmetric 
diazanaphtha1enes.l In this work we will determine 
the site of protonation by the 13C n.m.r. technique and 
verify the applicability of the I3C n.m.r. method to 
determine the pK, values. 
FIG. 1.  Atom numbering in a naphthalene molecule. 
METHODS 
In diaza compounds two nitrogen atoms are available 
as protonation sites. Where the nitrogen atoms are 
equivalent they are of the same basicity and the two 
monoprotonated species will be in rapid tautomeric 
equilibrium. Pugmire and Grant2 have shown for 
pyridine and the three diazabenzenes that the I3C 
chemical shifts of the free bases (amin) may be quite 
c ifferent from the shifts in the monoprotonated products 
* Author to whom correspondence should be addressed. 
(dnLaXj. Moreover, they have shown that the Ad values 
of the diazabenzenes may be predicted using the A s  
values of pyridine as protonation parameters (additivity 
rules). 
The additivity rule implies that the chemical shift of a 
carbon atom is the weighted average of the chemical 
shifts of this atom in the different protonated products. 
The weighting factors are the relative concentrations of 
the different species. We will use a similar procedure 
by predicting the A s  values of the diazanaphthalenes 
using the Ad values of quinoline (1-azanaphthalene, 
11j and isoquinoline (Zazanaphthalene, 12). The pH 
dependence of these two compounds is already known.3 
Moreover, the I3C n.m.r. spectra of the diazanaph- 
thalenes as free bases have already been recorded and 
analysed, although other solvents were ~ s e d . ~ - ~  
The d, values could not be determined by simply 
recording a 13C n.m.r. spectrum of the monoprotonated 
molecule, since it is possible that the relative order of 
the resonance lines has changed under the influence of 
nitrogen protonation. 
So, starting from the spectrum of the free base of 
which the assignment is known, the pH value is decreased 
progressively by adding small amounts of hydrochloric 
acid solution (37%). By recording the n.m.r. spectrum 
after each addition of acid, classical titration curves 
are obtained. From these curves the pK, values can be 
determined using the Henderson-Hasselbach equation :’ 
pH = pK,  + log I 
where 
I = (drnax - S>/(d - 6miJ 
and 6 is the weighted average chemical shift of a 
particular carbon atom in all species present, i.e. the 
free base and the two monoprotonated products. 
For aza-aromatics this procedure for determination of 
pK,  values has been used before by Breitmaier and 
S p ~ h n . ~  Before determining the site of protonation 
in the asymmetric diazanaphthalenes, we will test the 
additivity rules for the symmetric diazanaphthalenes. 
In a symmetric diazanaphthalene molecule the nitrogen 
atoms are equivalent, so in the monoprotonated product 
the proton exchange between the two nitrogen atoms 
averages the change in chemical shift expected for each 
extreme form. 
However, in the asymmetric diazanaphthalenes the two 
nitrogens are non-equivalent. Therefore, the energy 
change will be different for M- and p-nitrogen protona- 
tion. If this energy difference is a few kcal/mol or more, 
only one protonated product occurs in a significant 
amount. For this reason the testing of the additivity 
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rules has been limited to the symmetric diazanaphthalenes. 
If the additivity rules hold, we have a powerful tool to 
determine the site of protonation in the asymmetric 
diazanaphthalenes. Predicting two sets of Ad values, 
one for a- and one for /%nitrogen protonation, a com- 
parison with the observed values will reveal the site of 
protonat ion. 
EXPERIMENTAL 
The proton noise-decoupled 13C n.m.r. spectra were recorded on a 
Varian XL-100 spectrometer (25.2 MHz for 13C and 15.4 MHz for 
2H lock). The data acquisition of the free induction decays (pulse 
width 22 ps; acquisition time 0.8 s ;  pulse delay 0.5 s) and Fourier 
transformation were performed with a Varian 620/L data machine 
(16 K). With a spectral width of 5120 Hz and 4096 memory points 
the resolution is 0.05 p.p.m. Using water as a solvent and con- 
centrations of 150 mg/ml, 500 transients were required to obtain an 
acceptable signal-to-noise ratio. 
In the tube (outer diameter 10mm) containing the aqueous 
solution, a capillary was centred with the aid of three Teflon rings. 
This capillary contained deuterated acetone to provide a signal for 
the deuterium field frequency lock and TMS as an internal standard. 
The pH values were measured with a Knick pH meter at 35 "C 
(probe temperature) with an Ingold combined electrode (type 
405 M5). This electrode was calibrated with Electrofact buffer 
powder at pH = 4 and pH = 7. Compounds 1-4 and 8 are com- 
mercial products (Aldrich). The other compounds were syn- 
thesized according to Refs. 8-12. 
RESULTS AND DISCUSSION 
The pH dependence of the 13C chemical shifts in the 
asymmetric diazanaphthalenes is shown in Figs. 2 4 .  
6 i w m l  - 
FIG. 2.  pH dependence of the I3C chemical shifts of cinno- 
line. 
Although the relative order of the resonance lines 
changes considerably under the influence of nitrogen 
protonation, there is no doubt of the assignment. For 
the symmetric diazanaphthalenes the figures are less 
complicated (e.g. phthalazine, see Fig. 5).  The amin, 
d, and A s  values are listed in Table 3 and 4, columns 
3,  4 and 5.  From the titration curves the pK, values 
have been determined using the Henderson-Hasselbach 
equation. Plotting pH against log I, the pK, value is 
obtained as the intercept (Tables 3 and 4, column 2). 
A very good linear relationship between pH and log I 
is found for most lines of the spectra. 
The final pK, value of a diazanaphthalene is assumed 
to be the average of the pK, values according to those 
titration curves which provided correlation coefficients 
higher than 0.999. Lower correlation coefficients were 
found for carbon atoms with a relatively small change in 
chemical shift under the influence of nitrogen protona- 
tion and for carbon atoms with titration curves which 
crossed many titration curves belonging to other carbon 
atoms. 
A comparison of our pK, values with literature values 
is given in Table 1. The agreement between the two 
sets of pK, values is very good as far as the relative 
order is concerned, the correlation coefficient c being 
0.995. However, our pK, values are somewhat lower 
than those described in the literature. This is due to 
the fact that our measurements were performed at  
35 "C (probe temperature), whereas the other set of 
l i o  14) im 
I ( m 1 -  
0- 
FIG. 4. pH dependence of the 13C chemical shifts of 1,7- 
naphthyridine. 
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TABLE 1.  COMPARISON OF pK. VALUES MEASURED BY THE NMR 
TECHNIQUE WITH LITERATURE VALUES 
Compound pK,(n.m.r.) pK,(Lit.) Ref. 
1 
3 
4 
5 
6 
7 
8 
9 
10 
- 
1.89 
2.54 
3.41 
3-11 
3-26 
3.03 
3 -09 
3-38 
-0.06 
2.29 
0.56 
2.91 
3.78 
3.63 
3.39 
3.47 
3.48 
3.73 
- 
14 
14 
14 
16 
16 
16 
15 
a 
a 
a Measured in the same way as Refs 1416.  
pK, values were determined at 20 "C. Moreover, we 
used rather high concentrations. The recording of the 
titration curves of some molecules gave rise to problems. 
Isoquinoline 
In the neutral molecule the resonance lines of C-7 and 
C-8 coincide. Fortunately, the Ad values of these 
atoms appear to  be quite similar: +2.7 p.p.m. and 
+3*7p.p.m. For both atoms we took the value 
f3.2 f 0.5 p.p.m. 
Cinnoline 
The resonance lines of C-6 and C-7 coincide in the 
neutral molecule. Again, the Ad values are similar: 
+ 5 8  p.p.m. and +5.0 p.p.m. We therefore took 
t 5 . 4  5 0.4 p.p.m. for both atoms. 
Quinazoline 
The abnormal behaviour of quinazoline was first 
noticed by Albert et uZ.l3 The protonated molecule is 
not stable in aqueous solution. Therefore no 13C n.m.r. 
spectra of this compound are reported in this paper. 
Quinoxaline 
The pK, value of quinoxaline is so low that the 
titration curves are partly out of the range of the pH 
meter. Those values of S,, have been taken which 
resulted in the best linear relationship between pH and 
log I. 
1,s-Naphthyridine 
In the spectrum of 1,8-naphthyridine the resonance 
line of C-10 is missing. A possible explanation for this 
phenomenon could be that the relaxation time of C-10 
is very large. However, pulse delays up to 2 s did not 
reveal the position of this line. Another explanation 
might be a continuous coincidence of this resonance line 
with that of C-3 (see Table 3). 
2,6-Naphthyridine and 2,7-naphthyridine 
The determination of a,,, for 2,6- and 2,7-naphthyri- 
dine is not accurate since the second protonation occurs 
before the first protonation has been completed. 
We will now test whether the additivity rules hold 
for the symmetric diazanaphthalenes using the Ad 
values of quinoline and isoquinoline. In order to make 
a correct comparison, all compounds should be measured 
TABLE 2. pH DEPENDENCE OF THE 13C CHEMICAL SHIFTS OF QUINOLINE 
AND ISOQUINOLINE 
11-2 
11-3 
11-4 
11-5 
11-6 
11-7 
11-8 
11-9 
11-10 
12-1 
12-3 
12-4 
12-5 
12-6 
12-7 
12-8 
12-9 
12-10 
151.0 
122.4 
138-0 
128.8 
127.8 
131.0 
129.0 
147,7 
129.0 
152.7 
142.4 
122.0 
127.2 
132.0 
128.6 
128.6 
129.1 
136.5 
145.5 
123.1 
148.7 
121.3 
131.4 
136.5 
130.4 
138.2 
129.8 
147.4 
132.0 
126.7 
128.4 
138.2 
131.3 
132.3 
127.7 
139.4 
-5.5 
+0.7 + 10.7 
-7.5d 
+3.6 + 5.5 + 1.4d 
-9.5 
+0.8 
-5.3 
-10.4 
+4.7 
+1.2 + 6.2 
+3.2 0.5 
+3.2 0.5 
-1.5 + 2.9 
-5.2 
+0.4 
+11*4 
+0.6 
f 5 . 1  + 5.7 
-5.6 
- 6.7 
f I .5  
-2.8 
-9.2 
+4.8 
+2.3 + 5.0 
+4.0 
f3.7 + 0.4 
f4.3 
a Compound and carbon atom number. 
Observed values. 
Optimized values. 
These values must be reversed (see text). 
in the same solvent. However, the solubility of quinoline 
and isoquinoline in water is very low. Therefore, the 
titration curves of these two compounds have been 
recorded in a water + acetone mixture (70:30%) (see 
Table 2). Fortunately, the solvent effect on the 13C 
chemical shifts is very small: in aqueous hydrochloric 
acid solution, in which the two compounds are highly 
soluble, it is about 0.05 p.p.m. On the other hand, a 
13C n.m.r. measurement of a very dilute solution of the 
unprotonated molecule (60,000 transients were needed) 
showed a solvent effect of about 0.3 p.p.m. It will be 
seen that this error is much smaller than the error in the 
additivity parameters. 
In order to illustrate the additivity rules, we shall take 
2,6-naphthyridine as an example. Since the nitrogen 
atoms are in P-position, in this molecule we have to 
take the Ad values of isoquinoline to predict the Ad 
values in 2,6-naphthyridine. The carbon atoms are 
equivalent in pairs, e.g. C-3 and C-7. To predict the 
Ad value for C-3 and C-7 we average the Ad values 
of C-3 (--10-4p.p.m.) and C-7 (+3.2p.p.m.) in 
isoquinoline. So we expect a Ad value of -3.6p.p.m. 
for C-3 and C-7 in 2,6-naphthyridine. The observed 
value is -2.6p.p.m. The results are given for all 
carbon atoms in the symmetric diazanaphthalenes 
in Table 3. It is seen that the expected values for Ad 
are in reasonable agreement with the observed ones, 
the correlation coefficient being 0.927. Two values for 
Ad are striking: carbon atoms 4/8 in 1,5-naphthyridine 
(4) (expected: 6.0 p.p.m., observed : 2.9 p.p.m.) and 
carbon atoms 4/5 in 1,8-naphthyridine (7) (expected: 
1.6 p.p.m,, observed: 6.0 p.p.m.). We believe that the 
apparent lack of additivity for these carbon atoms is 
caused by an error in the assignment of the resonance 
lines in quinoline. In our opinion, the assignment of 
C-5 and C-8 by Breitmaier and Spohn3 should be 
reversed. Since an upfield shift of the 13C chemical shift 
under the influence of nitrogen protonation is only 
observed if the carbon atom is separated by one or in 
some cases two bonds from the protonated nitrogen 
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TABLE 3. pH DEPENDENCE OF THE 13C CHEMICAL SHIFTS OF THE 
SYMMETRIC DIAZANAPHTHALENES 
3-213 
3-518 
3-617 
3-91 10 
4-216 
4-317 
4-418 
4-9/10 
7-217 
7-316 
7-9 
7-10 
8-1 14 
8-518 
8-6/7 
8-911 0 
7-415 
9-115 
9-91] 0 
10-118 
10-316 
10-415 
10-9 
10-10 
9-317 
9-418 
-0.09 
.0.09 
0.05 
-0.09 
- 
2.53 
2.45 
2.63 
- 
3.28 
3.23 
3.28 
- 
- 
3.03 
3.06 
3 .OO 
- 
3.10 
3.11 
3.05 
3.32 
3.42 
3.39 
- 
- 
Gmin 
145.2 
128.5 
131.5 
141.2 
151.6 
125.9 
137.3 
142.3 
154.2 
123.8 
139.6 
154.2 
(1 23.8)' 
152.0 
127.3 
134.8 
126.7 
151.9 
144.0 
121.1 
130.4 
153.0 
146.5 
120.8 
123.6 
139.0 
8max 
143.1 
126.0 
137.2 
137.3 
151.7 
129.1 
140.2 
139.9 
153.9 
126.0 
145.6 
147.5 
153.3 
130.6 
139.3 
129.2 
151.5 
141.4 
125.2 
132.4 
153.3 
144.4 
124.2 
124.0 
143.3 
.__ 
-2.1 
-2.5 + 5.7 
-3.9 
+0.1 
+3.2 
4-2.9 
-2.4 
-0.3 + 2.2 
-t 6.0 
- 6.7 
11 .3  
$3.3 + 4-5 + 2.5 
-0.4 
-2.6 
-t-4.1 
-t 2.0 
+0.3 
-- 2.1 
+3.4 
+ 0.4 
+4.3 
-2.4 
-3.0 + 4.5 
-4.3 
-0.9 
+3.1 + 6.0e 
-4.3 
0.0 
1-2.1 
+ 1.6e 
- 9.5 + 0.8 
-- 0.3 
-1- 2.2 
t 4 . 7  
+0.7 
-2.0 
-3.6 + 3.9 
+0'7 
--1.0 
- 2.1 
+2.9 
- 1.5 
-t 2.9 
- 2.4 
-2.5 + 5.4 
-3.2 
+ 0.0 
+3.0 
+2.9 
-3.2 
-0.2 + 2.3 
i- 6.0 
-6.7 
+0.3 
-I- 1 .o 
t 3 . 0  
+4.5 
+2.3 
.-o.z 
-2.6 
+4.2 
4- 2.3 
$- 0.4 
-- 2. I 
-1-3.5 
i 0 . 4  
-7 4.3 
a Compound and carbon atom number. 
Observed values. 
Expected values (quinoline and isoquinoline). 
Expected values (optimized). 
These values inust be reversed (see text). 
cf. Ref. 5. 
an upfield shift of C-5 is much more unlikely 
than an upfield shift of C-8 As a result of this reversal, 
the striking lack of additivity of the carbon atoms 
mentioned above disappears. The correlation coefficient 
then increases from 0.927 to 0.976 (see also Fig. 6). 
The correlation of the expected As  values with the 
observed ones seems high enough to determine the site 
of protonation in the asymmetric diazanaphthalenes. 
Moreover, the Ad values of quinoline and isoquinoline 
10 
a 
/ I 
0 
-5 6 5 
A6 (observed) -
Frci. 6. Expected changes in chemical shifts of the sym- 
metric diazanaphthalenes vs the observed ones using the A8 
values of quinoline and isoquinoline. 
-6 b 5 
A 6  (obserwd) -
FIG. 7. Expected changes in I3C chemical shifts of the sym- 
metric diazanaphthalenes vs the observed ones using optimized 
parameters. 
may be adapted in such a way that we obtain a correla- 
tion for the symmetric diazanaphthalenes between 
Ah (expected) and Ad (observed), which is as high as 
possible ( r  = 0.997, see Fig. 7 and Tables 2 and 3, 
last columns). 
Since the asymmetric diazanaphthalenes are structur- 
ally more similar to the symmetric diazanaphthalenes 
than to the monoazanaphthalenes, we shall use this 
parameter set to determine the site of protonation. 
hi Table 4, columns 6 and 7, the expected Ad values 
are listed for cc-and @-nitrogen protonation. 
Considering the correlation between A8 (expected) and 
Ah (observed), we obtain correlation coefficients for 
1,6- (5 )  and 1,7-naphthyridine (6) which are -0.340 
and -0.088, respectively, in the case of cc-nitrogen 
TABLE 4. pH DEPENDENCE OF THE 13C CHEMICAL SHIFTS OF THE 
ASYMMETRIC: DIAZANAPHTHALENES 
1-3 1.96 
1-4 1.87 
1-5 - 
1-6 1.89 
1-7 1.86 
1-8 - 
1-9 - 
1-10 - 
5-2 3.45 
5-3 3.45 
5-4 3.29 
5-5 3.46 
5-7 3.42 
5-8 3.44 
5-9 3.43 
5-10 - 
6-2 3.13 
6-3 3.12 
6-4 - 
6-5 3.12 
6-6 3.10 
6-8 3-15 
6-9 - 
6-10 3.05 
145.4 
126.3 
127.8 
133.1 
133.1 
128.2 
150-1 
127.8 
155.9 
121.9 
138.1 
153.2 
146.1 
124.3 
149.0 
123.9 
152.7 
126.8 
136.6 
121.8 
142.8 
151.6 
141-3 
131.5 
141.4 
135.5 
129.0 
138.9 
138.1 
128.5 
149.1 
133.2 
161.1 
126.5 
142.0 
150.5 
138.2 
127.5 
151.9 
125.2 
157.5 
131.7 
138.2 
127.7 
134.7 
147.8 
142.1 
137.9 
--4.0 
-1 9.2 
$1.2 
+5'4 5 0.4 
+5'4 -L 0.4 
t0.3 
-1.0 + 5.4 
-t 5.2 
T 4.6 
+3.9 
- 2.7 
-7.9 
+3.2 + 2.9 
+1.3 
+ 4.8 
+4.9 
+1.6 
i 5.9 
-8.1 
-3.8 
+0.8 + 6.4 
+ 0.4 
+0.6 
+5.1 + 5.7 
~~ 5.6 
- 6.7 
1-11'4 
+ 0.3 
+ 0.4 
-t11.4 
+0.6 + 5.7 
-5.6 
-6.7 
-5.2 
+0.3 
+ 0.4 
+11.4 + 0.6 
+5.1 
-5.2 
-5.6 
-6.7 
+1.5 
-9.2 
+4.8 
+2.3 
+5.0 
t 4.0 
-I 3-7 + 0-4 
4-4.3 
t-5.0 + 4.0 + 3.7 
-2.8 
-9.2 
+4.8 
+4.3 
+0.4 
-1 4.0 + 5.0 
+2.3 + 4.8 
-9.2 
-2.8 
+0.4 + 4.3 
Compound and carbon atom number. 
Observed values. 
Expected values for a-nitrogen protonation. 
Expected values for @-nitrogen protonation. 
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0 
0 
0 
-1oy  
5 0 5 
A6(&served) -
FIG. 8. Expected changes in 13C chemical shifts of 1,6- 
naphthyridine vs the observed ones. 0 a-nitrogen protona- 
tion; 0 /I-nitrogen protonation. 
protonation. For 0-nitrogen protonation the correlation 
coefficients are 0.983 and 0.980, respectively. Clearly, 
the 0-nitrogen atom is the site of protonation in these 
molecules (see Fig. 8). (The assignment of C-2 and C-8 
in 1,7-naphthyridine has been reversed for the reasons 
mentioned above in the case of quinoline). This result 
is in agreement with that of Paudler and K r e s P  who 
determined the site of protonation in 1,6- and 1,7- 
naphthyridine by comparison of the lH n.m.r. spectra 
of the protonated and methylated products. 
Considering the protonation of cinnoline (l), a rather 
poor correlation between the Ad values is noticed for 
both CI- and @-nitrogen protonation: c = 0-766 and 
0.798, respectively. However, if we take a linear com- 
bination of the two sets expected A s  values (0.4 As, $- 
0.6 AS,?), we obtain a correlation coefficient of 0.975. 
From this we conclude that an equilibrium exists 
between both protonation sites with an energy difference 
which is rather small. In fact this energy difference 
may be calculated by the Boltzmann equation: AE = 
R T  In 1.5, which corresponds to 0-25 kcal/mol. In the 
literature conflicting results are reported about the site 
of protonation in cinnoline (cf. e.g. Refs 19 and 20). 
Considering our results this is not surprising. Molecular 
potential calculationsz1 have predicted, in agreement 
with our results, P-nitrogen protonation for 1,6- and 
1,7-naphthyridine.l However, these calculations indicate 
cc-nitrogen protonation in cinnoline, though the energy 
difference is again very small (0.69 kcal/mol). 
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